INTRODUCTION
Until the recent discovery of petroleum reserves, the most important use of arctic tundra for man has been as grazing grounds for native ungulates and domesticated animals (Dahl, 1975) . And yet our understanding of grazing relationships, at least from the point of view of the plant, is poorer than both that of other ecological processes in tundras and of herbivory in other biomes (see Tieszen and Archer, 1979) .
There are several characteristics of tundra systems which have special implications for *Present address: Range Science Department, Colorado State University, Fort Collins, Colorado 80523. 0004-0851/80/040531-22$03.30 ?1980, Regents of the University of Colorado plant-herbivore interactions. First, the soil and biological communities of tundra are relatively young and are nutritionally impoverished both in the Arctic (Ulrich and Gersper, 1978) and in alpine regions (Costin, 1967) . Although their evolution is not known well, tundra floras and faunas can be considered depauperate (see Hoffman and Taber, 1967) due perhaps to the recent and severe Pleistocene extirpations. Second, tundras which evolved in the total absence of ungulates have a similar physiognomy to those with large grazers. Thus gross community structure has not been directly determined by large mammalian herbivores, although they can be important in determining species composition (Mark, 1965 (Mark, , 1969 Klotzli, 1977) . Third, the "extreme" nature of some environmental factors-low temperatures, low soil nutrients, and short growing seasons-all help to account for low values of primary production. As a result, green biomass of high nutrient quality, although predictable in occurrence, is often a scarce resource (Figure 1) . Fourth, plants which inhabit tundra systems have evolved a variety of adaptations which enable them to successfully cope with the complex of short growing seasons, long winters, low temperatures and light intensities, and limited availabilities of nutrients.
Five growth forms of vascular plants (Table  1) , all represented by perennial species that reproduce vegetatively, illustrate the array of vascular plants common at Atkasook, Alaska, and represent different evolutionary responses to the same environmental problems. The degree to which differences in growth form are related to functional differences is not thoroughly documented; however, work of Bliss (1962), Hedberg (1964) , and Mooney and Dunn (1970) has suggested that growth forms have functional importance and that each growth form is characterized by a particular allocation of nutrients which presumably allows successful exploitation of particular habitats. Lewis and Callaghan (1975) and Tieszen and Wieland (1975) have described distinct growth strategies of meadow grasses, tussock sedges, and fellfield forbs, and these growth forms have been related to specific environmental complexes (Webber, 1978; Komarkova and Webber, 1980, this volume) .
In addition to extreme abiotic conditions, however, plant growth and perhaps community structure in arctic tundra are also influenced by biotic factors such as grazing. Tikhomirov ( tween gross carbon and biomass allocation, leaf growth, and photosynthesis patterns in several tundra growth forms and to determine how these patterns are affected by grazing. In a series of field experiments designed to document the physiological responses of tundra plants to simulated grazing we sought to test the general hypothesis that carbon allocation patterns, a function of life-form type, will dictate plant responses to defoliation that minimize impact on production and reproduction. For several species, photosynthetic rates, leaf longevities, and potential for rePhotosynthetic capacities (mean growth following herbivory were documented. We expected the long-term survival of an individual plant to be determined largely by its ability either to tolerate or to avoid damage, and we addressed the following specific hypotheses: (1) carbon allocation patterns are a function of growth form and dictate plant responses to defoliation; (2) maximum photosynthetic rates are a function of growth form and are inversely related to leaf longevity; (3) the impact of grazing is reduced in plant species with rapid leaf turnover and little supportive tissue; (4) defoliation results in an im- 
METHODS
Lack of time precluded detailed observation of several representatives of each vascular plant growth form, so we selected one important species from each of four growth forms found in tundra near the Meade River at Atkasook, Alaska, for our defoliation studies (Table 1) . Two populations of Salix pulchra, the deciduous shrub, were apparent in the Meade River area. One consisted of erect shrubs about 1.2 m tall found along creek margins. The other Salix population was prostrate, 20 to 30 cm tall, and was a codominant in Carex aquatilis-Salix pulchra-Sphagnum spp. communities. This latter population was used in our studies. Carex populations were examined in nearly pure stands of Carex tillers lightly interspersed with Salix and located in a moist lake margin. Eriophorum and Ledum experiments were conducted on high-center polygons at a site interlaced with a mosaic of polygon centers, rims, and wet troughs. Rubus chamaemorus, Carex bigelowii, and Vaccinium vitis-idaea also grew on the polygon centers. For a more complete description of community types see Komarkova and Webber (1980, this volume) .
In our defoliation studies plant parts were artificially clipped in an attempt to simulate an actual grazing event, because the amount of herbage removed from plants could be quantified, controlled, and held constant over time and between treatments. Plant responses could then be correlated to known frequencies, intensities, and types of defoliations. It is important, however, to acknowledge that some major differences do exist between clipping and actual grazing, and these should be considered when extrapolating results from defoliation experiments to actual grazing systems (White, 1973 All primary defoliation treatments involved the removal of all exposed photosynthetic tissue. In the graminoids, leaves were clipped back to moss level. In the Eriophorum treatments three tussocks that were defoliated early in the growing season were covered with opaque plastic (black bag) to prevent photosynthesis. When leaf production ceased, the tussocks were destructively sampled for the stem base and sheath components. The dry weight of these structures was assumed to represent the approximate minimum biomass necessary for tiller growth and maintenance (see Archer and Tieszen, submitted, a, b, for more details). For the shrubs two basic defoliation schemes were imposed: Type I defoliation involved the removal of all current year's production; Type II treatment involved the removal of 1-and 2-yr-old stems in addition to current year's production. For Ledum, the evergreen, old leaves were also removed in both treatments. Defoliations on all growth forms were imposed at periodic intervals throughout the growing season. Defoliation regimes initiated on 30 June were designated early spring treatments; those initiated on 15 July, 30July, and 15 August were designated late spring, summer, and fall, respectively. For chronic treatments regrowth was removed at 10-d intervals throughout the growing season. Recovery treatments refer to those plants that were chronically defoliated for one growing season and not defoliated at all the subsequent growing season.
Methodology used for determining photosynthetic rate, leaf longevities, and aboveground biomass allocation are given in Johnson and Tieszen (1976).
RESULTS AND DISCUSSION

LEAF GROWTH DYNAMICS AND BIOMASS
ALLOCATION
The abruptness and brevity of the arctic growing season places severe restrictions on the timing of plant growth (Figure 1) In the Arctic, graminoids are inactive beneath the winter snow (Tieszen, 1974) , but begin to photosynthesize within a few days of melt-off (Tieszen, 1975) . The seasonal progression of leaf area accumulation for each of the representative life forms are graphed in Figure 2 . By 27 June, Eriophorum had exserted over 60% of its normal complement of photosynthetic tissue and Carex, the single-shooted graminoid, had exserted 26% of its leaf tissue. Neither shrub possessed current photosynthetic tissue at this point in the growing season. Thus graminoid tillers exploited the early portion of the growing season to a much greater extent than did either of the shrub life forms. This was especially noticeable for Eriophorum whose growth form enhances soil warming, decomposition rates, and nutrient availability within the individual tussock. Chapin et al. (1979) observed that Eriophorum tussocks became snow free sooner and that intratussock soils thawed faster, reached maximum summer temperature sooner, were 6 to 8?C warmer, and were more thermally stable than soils at comparable depths between tussocks.
In addition to differences in the seasonality of leaf production we noted large differences in patterns of leaf development. Buds on both shrub life forms did not begin expanding until Allocation of biomass to aboveground tissue also differed markedly among life forms (Figure 3) . In both the deciduous and evergreen shrubs 80 to 90% of current aboveground biomass (at peak season) accumulated in the leaf compartment and 10 to 15% accumulated in current stems. In Eriophorum, the tussock forming sedge, 96% of the aboveground biomass was contained in leaves. The remaining 4% was invested in reproductive structures. However, in our study area, less than 3% of the E. vaginatum tillers flowered (Archer and Tieszen, submitted, a). A given tiller may produce leaves for 3 to 4 yr after which time a terminal inflorescence may be initiated. The tiller then dies (Goodman and Perkins, 1968). Carex also allocated nearly 100% of its aboveground biomass to leaf tissue. ing the highest photosynthetic rates, followed by tussock-forming graminoids, forbs, and evergreen shrubs. The high photosynthetic rates observed in deciduous shrubs were, however, offset by relatively short leaf longevities (Table 2) . Conversely, the low photosynthetic capacities observed in evergreen shrubs were associated with extended leaf longevities. Presumably evergreen leaves must be retained for more than one growing season in order to provide a positive carbon contribution to the plant. Apparently leaves with high photosynthetic capacity contribute positively to the carbon budget of the plant in only one season. The graminoid growth forms in Table 2 Thus it appears that among our tundra species photosynthetic capacity is inversely related to leaf longevity. As a result, even though photosynthetic capacity and leaf longevity patterns differed markedly between growth forms, net carbon gain, when considered over the lifespan of a leaf, may be quite similar for these tundra species. Salix, with its high photosynthetic rate and synchronous leaf growth exploited the smallest, but most favorable, portion of the arctic growing season. Ledum, on the other hand, compensated for its low photosynthetic capacity by exploiting the entire growing season and by using a leaf for up to three seasons after its exsertion (ohnson and Tieszen, 1976). Carex and Eriophorum, each with photosynthetic rates and leaf longevities intermediate to the deciduous and evergreen shrubs, initiated growth earlier in the growing season and exploited an intermediate proportion of the growing season. This interaction between photosynthetic rates and leaf longevities can even be seen within graminoid growth forms. The fact that Eriophorum had exserted over 60 % of its current growth biomass by 28 June as compared to only 26% in Carex (Figure 2) suggests that the early season growth in Eriophorum enables it to compensate for its photosynthetic capacity, which was 20% lower than that of Carex (Table 2) . Similarly, Vaccinium, which had a photosynthetic rate less than half that of Ledum, had an average leaf longevity nearly twice as long.
LEAF REPLACEMENT FOLLOWING DEFOLIATION
Recovery from a defoliation event depends upon the reestablishment of a photosynthetic surface. The potential for leaf replacement of a given plant species is a function of and dependent upon the type of leaf-producing unit the plant has evolved. Each Salix and Ledum shrub was composed of woody stems and leaders that supported many leaf-producing buds. Each Eriophorum tussock and Carex stand was composed of one or more rhizome systems that gave rise to leaf-producing tillers.
Shrubs
Buds on Salix and Ledum bushes were initiated in late June from predictable locations on their stems. By diagrammatically mapping a stem with its associated leaders we recorded the positions of leaf groups and dormant buds. In Salix 96% of the buds producing leaf tissue were located on 1-yr-old stems, 3% were initiated from 2-yr-old stems, and about 1% from 3-yr-old stems. The average Salix plant, considered in its entirety, initiated growth in less than 20% of its visible buds (an individual plant is defined as all aboveground biomass issuing from a stem which goes below ground). The potential, then, for a defoliated shrub to replace photosynthetic tissue lost to herbivores is great, since a large number of leaf-producing units are available.
For a shrub to replace photosynthetic tissue following a grazing event, however, the mechanism or mechanisms regulating apical dominance of a given stem or leader must be overcome. Bud initiation in Salix and Ledum was synchronous rather than periodic or sequential. Undisturbed shrubs initiated buds in late June and all buds on the plant producing current stem and leaf tissue had done so by early July. Removing leaf tissue, while leaving stems and buds intact (a simulation of leafchewing by some insects and rodents) did not alter this pattern. That is, no additional buds were activated to replace the leaf tissue lost by this type of defoliation. When the terminal 1-and 2-yr-old stems were removed along with current growth, apical dominance of the leader was overcome and buds lower on the stem were activated. Leaf replacement was highly variable, and a minimum of 14 to 21 d usually elapsed before leaf replacement was initiated. Because of the lag time, shrubs defoliated in mid-to late July regenerated photosynthetic tissue too late to recoup the energy investment before the end of the season.
The release of growth of lateral buds was complicated and may have been dependent on environmental history, past growth performance, or nutrient reserves. For example, our defoliation treatments resulted in extensive lateral bud growth in a cool and moist year but did not in a subsequent warmer and drier year. Thus it appears that the release of lateral buds in these shrubs may respond more to temperature and moisture than to day length or light intensity. Such observations are consistent with those of Laude et al. (1961) and Plumb (1961 Plumb ( , 1963 Plumb, 1972) . Each of these may in turn be classified as short-or long-shoot buds. Long-shoot buds give rise to long shoots whose leaves are separated by distinct internodes and bear lateral buds, some of which develop into more long shoots while others produce short shoots. Internode elongation is essentially lacking in short shoots, and lateral buds on short shoots are either lacking or develop into flowers (Dahl and Hyder, 1977). Terminal buds in Salix and Ledum were of the long shoot type and were responsible for 96 and 90%, respectively, of the subsequent season's leaf production. Axillary buds were formed at the base of the leaf petiole soon after each leaf expanded. Typically, in Salix, five to six leaves were produced per bud initiated (Johnson and Tieszen, 1976 ; Archer and Tieszen, unpublished); hence five to six axillary buds were generated. On the average about 40 % of these axillary buds (typically the two or three most distal on the stem) developed into leaf and stem primordia in the subsequent growing season. The remaining axillary buds retained their position outside the cambium during secondary growth and either remained as visible lateral buds or became buried in the bark (as described by Church and Goodman, 1966, for Acer). Those lateral buds buried in the bark have been termed suppressed buds (Kormanik and Brown, 1969) and are apparent only after an anatomical examination of the stem. Adventitious buds, on the other hand, form irregularly in the cambium of older plant parts rather than in leaf axils near an apical meristem (Kozlowski, 1971 ). All of these bud types played an important, and quite different, role in the resprouting of Salix and Ledum following defoliation.
Two defoliation treatments, one involving removal of current growth only and the other involving removal of all biomass back to 3-yrold stems, elicited quite similar morphological responses in the two life forms. In both Salix and Ledum lateral buds were released from dormancy following defoliation and new shoot growth was initiated, but only after a highly variable lag time. In both life forms the activated lateral buds were predominantly the short-shoot types. Those few that were of the long-shoot type were weak, and survivorship of the new shoots with next year's potential leaf groups was quite low. Leaves associated with the activated buds were typically small with a much reduced mass and surface area.
In Salix the lateral buds most often activated following defoliation were those positioned nearest the point of defoliation. Thus, when only current growth was removed, the lateral buds activated were those on 1-and 2-yr-old stems; when growth was removed back to 3-yr-old stems, the lateral buds on the 3-and 4-yr-old stems were most often activated. Ledum, in contrast to Salix, initiated nearly 50% of its new shoots from main-stem tissue (stems greater than approximately 5 to 7 yr old) regardless of the type of defoliation treatment. As with Salix nearly all new shoots were the short-shoot variety.
While removal of plant parts up to 2 yr old led to the activation of mainly short-shoot, lateral buds, the removal of tissue back to 5-to 7-yr-old stems resulted in the activation of suppressed lateral buds and/or adventitious buds which were buried in the cambium. It is known that stump sprouts may arise from either suppressed lateral buds or adventitious buds (Zimmerman and Brown, 1971 ). Root sprouts, on the other hand, appear to always arise from adventitious buds (Kozlowski, 1971) . While anatomical differences do exist between adventitious and suppressed buds (Dahl and Hyder, 1977), we did not distinguish between them for sprouts arising from the basal portions of defoliated plants. In Ledum these activated buds were the shortshoot variety. Salix, however, responded by initiating long shoots as well as short shoots. Although we have no quantitative data, our field observations indicate that these basal, long-shoot buds produced current leaf, and especially stem, tissue far in excess of the growth observed in terminal long shoots under normal conditions for one season. The vigorous stems arising from the suppressed buds contained axillary buds, which were both the long and short shoot variety. Our observations on Salix pulchra are similar to those made by Wilson (1970) on other shrub species.
The minimum damage to the plant needed to stimulate these highly productive, longshoot buds appears to be greater than that imposed by typical browsing activities. Vigorous long shoots may be produced in response to trampling, especially during the winter and early spring when stems are stiff and brittle.
In general Salix can readily transform shortshoot buds into long-shoot status when long shoots are removed (Dahl and Hyder, 1977), but this was not a strong tendency in Salix pulchra at Atkasook. Most buds activated after long-shoot removal were the short-shoot type; the long-shoot type were weak and generally winter-killed.
The production of short shoots following defoliation (especially late-season defoliation) may be advantageous because they can complete elongation in half the time required by a long shoot (Kozlowski, 1971 ). This rapid elongation of a short shoot may enable the shrub to exploit a longer portion of the remaining growing season while requiring less carbohydrate and nutrient investment than a long shoot. In addition, Zimmerman and Brown (1971) have shown that downward translocation of photosynthate in many woody plants occurs only after shoot elongation has been completed. Although we have no data regarding root responses to top removal in shrubs, it is possible that the preferential growth of short shoots, with their more rapid completion of elongation, facilitated the reestablishment of a critical root-to-shoot ratio needed to maintain root respiration and nutrient uptake.
Graminoids
Graminoid tillers exserted leaves sequentially and at staggered intervals over the course of the growing season. Leaves grew from the base of the tiller and telescoped upwards until mature (see Youngner, 1972 1965 , 1966a , 1966b Smith, 1975) . Whereas removal of or damage to the apical meristematic tissue in graminoids normally results in a cessation of leaf production and death of at least the aboveground portions of a tiller (Hyder, 1972), this was seldom a problem with Carex and Eriophorum tillers. Because their apical meristems are typically positioned 10 to 15 mm below a layer of moss and soil, these graminoids usually avoid such injuries. The culmless growth habits of each of these sedges insures that, unless they are flowering, the apical meristems will not be elevated above the moss level. Only in years of extreme lemming population densities or heavy trampling by caribou or musk-oxen will the moss and soil cover be sufficiently disturbed to expose the growing points. This strategic location of the growing point, in conjunction with the sequential pattern of leaf exsertion, enables vegetative Carex and Eriophorum tillers to continue to produce leaf tissue regardless of the time of season of defoliation.
In summary, the efficiency of the replacement of photosynthetic tissue following a grazing event is ultimately a function of (1) the type of leaf producing unit the plant has evolved and (2) the type of defoliation event, i.e., whether or not the apical meristem is damaged. Leaf replacement is further governed by the frequency, intensity, and timing of the defoliation events and by those abiotic factors that govern growth processes.
SHRUB RESPONSES TO DEFOLIATION
There are several options open to a defoliated shrub with regard to the reestablishment of a new photosynthetic surface: (1) activate a "normal" complement of buds which yield a normal leaf area or biomass, (2) activate more buds than normal with fewer leaves or less leaf tissue per bud, (3) activate fewer buds than normal with more and/or larger leaves per bud, (4) invest less in current stem production and proportionately more in leaf (Table 3) .
Although the replacement of leaf biomass in Salix was highly variable between plants within a treatment and between treatments, some significant differences and trends were noted. Plants subjected to Type I and II defoliations responded similarly (Table 4) . In both defoliation treatments a slightly lower percentage of buds initiated growth relative to control plants, and the leaf biomass per bud initiated was substantially lower than that of controls.
Leaf initiation was delayed the following spring in treated plants by up to 20 d ( Figure  4 ). All buds on control plants that were to initiate growth had done so by 17 July. In contrast, plants defoliated the previous growing season did not complete leaf initiation until 6 August. The number of leaf groups per plant was comparable in control and defoliated shrubs, but the current growth per plant throughout the growing season was significantly lower in treated plants due to the reduced weight of each leaf group (Table 4) . The mean number of leaves produced per bud was 5.0 in both control and recovery plants. However, current stem length decreased from 8.9 mm in controls to 4.1 mm in recovery plants, a reduction of 54 %.
In Type I treatments 55% of the 1-yr-old stems died completely, as did the terminal half of an additional 24%. Forty percent of the 2-yr-old stems died completely along with the terminal portions of the remaining 60%. Nineteen percent of the 3-yr-old stems died along with the terminal half of an additional 10%. In nearly every case leaders died back to the location of the first visible bud. In 40 % of the leaders this resulted in death back to 3rd yr stems and in 19% to 4th yr stems.
Leaf production the following season was reduced by 47 to 72% in defoliated plants (Table 5) . With the exception of the 15 June defoliation there was no difference in leaf production between Type I and Type II defoliation treatments. Generally, those plants defoliated on or after 15 July produced slightly more current-growth biomass the subsequent season than plants defoliated on or before 30 June.
Ledum palustre ssp. decumbens, the evergreen shrub, responded even more dramatically to defoliation (Table 6) (Table 6 ). For Ledum the contribution of older leaves to plant growth following defoliation must also be considered. Hadley and Bliss (1964) found that in several ericaceous species, leaves produced in previous growing seasons had negative net photosynthetic rates, and they concluded that old leaves were more important as storage units than as photosynthetic units. Ledum to conserve and cycle nutrients (Thomas and Grigal, 1976; Reader, 1978) . In summary, it appears that none of the hypothesized options for reduction of damage that were listed earlier were employed by arctic shrubs. Generally, a lower percentage of buds was initiated following defoliation. Further, the initiation of these buds was delayed, and the biomass produced from them was substantially lower than that of control plants. Although fewer resources were invested in current stem production there was no apparent or obvious reallocation to leaves. The number of leaves per leaf group remained unchanged following defoliation, and while photosynthetic rates of remaining or replacement leaves were not monitored, no extended rejuvenation or postponement of senescence was observed. Thus both shrub life forms were substantially damaged by defoliation. The effect on carbon balance would be differ- Mean ( + 1 SE) biomass of current growth in Ledum palustre ssp. decumbens after one and two seasons of recoveryfrom defoliation 
GRAMINOID RESPONSES TO DEFOLIATION
Grazing experiments at Barrow, Alaska (Mattheis et al., 1976) , showed clearly that Dupontiafisheri, a single-shooted arctic graminoid, was quite tolerant of chronic grazing pressure. Its high degree of tolerance resulted from two related factors: (1) an interdependence between tillers which resulted in a flow of nutrients and photosynthate from intact tillers to defoliated tillers via rhizomatous connections and (2) high concentrations and large standing crops of total nonstructural carbohydrates (TNC) which buffer the plant against acute and chronic defoliation (see White, 1973; Trlica and Singh, 1979) . In an extension of these preliminary studies we followed leaf growth and tiller biomass following defoliation in Eriophorum vaginatum and Carex aquatilis. We will summarize here our understanding of Eriophorum, the tussock-forming cottongrass of the Arctic. 10 ). Leaf replacement was lowest in Ledum, the evergreen shrub; highest in Eriophorum and Carex, the perennial graminoids; and intermediate in Salix, the deciduous shrub. The same trends held true for the subsequent season. Neither of the shrubs approached normal foliage production during the second recovery season. Poor replacement of photosynthetic tissue in Salix was due largely to a decreased investment in biomass per leaf group or bud rather than to a decrease in the number of buds initiating growth. Although this type of data was not available for Ledum, observations suggested that here too, decreased production was the result of a decrease in biomass per leaf group more than a reduction in the number of leaf groups initiated. Leaf production in Carex was nearly normal during the first season (93 %) and dropped to 80% of normal during the subsequent season. A nearly 25 % increase in leaf production was observed in Eriophorum during the first season owing to the preferential growth and maintenance of older leaves, the opening of the normally dense canopy (Archer and Tieszen, submitted, b), and increased root respiration and nutrient uptake following a single defoliation (Chapin and Slack, 1979). During the following growing season foliage production was normal.
A summary of characteristics of the various growth forms and their relationship to herbivory is given in Table 7 . The synchronous growth strategy exhibited by shrubs enabled them to exploit more fully the most favorable portion of the arctic growing season. Such a strategy, however, exposes the total season's complement of photosynthetic tissue to loss by grazing. Ledum, the evergreen shrub, had the lowest photosynthetic rate (Table 1) Thomas and Grigal (1976) estimated that the evergreen Kalmia lost less than 1.5% of its total leaf area'to herbivores. Reader (1978) examined Ledum palustre ssp. groenlandicum and two other arctic and subarctic ericads and estimated that these plants had lost less than 5% of their biomass to herbivores. He also observed that among the three ericads in his study, the retention time for overwintering leaves depended on their susceptibility to attack by herbivorous insects. Species with the shortest leaf longevity lost more biomass to insect herbivores, but at the same time were least affected by defoliation treatments. Thus, by allocating carbon to support leaf maintenance and preservation, Ledum essentially avoids growth problems associated with the regeneration of leaf tissue following defoliation.
In contrast to the evergreen shrubs, deciduous shrubs had photosynthetic capacities two to four times higher (Table 1) . However, these high carbon fixation rates in deciduous shrubs were offset by relatively short leaf longevities (Table 2) . Such leaves contribute to the net carbon balance of the plant in only one growing season, but the synchronous pattern of leaf exsertion still exposes the entire season's photosynthetic tissue to potential loss to herbivores. Such a loss of leaf tissue represents not only a loss of photosynthetic input but also substantial amounts of nutrients, especially nitrogen (Chapin, 1980, this volume). Salix has apparently sacrificed leaf longevity, avoidance of herbivores, and leaf replacement potential for larger photosynthetic returns. While Salix was decidedly more tolerant than Ledum to defoliation it was much less so than were the graminoid growth forms. And, while the rate of carbon incorporation was highest in Salix, it has a much higher probability of being grazed than Ledum. Salix does, however, have high levels of secondary compounds relative to the graminoid growth forms (Jung et al., 1979) .
Patterns of photosynthetic rates and leaf longevities observed in graminoids were intermediate to those of the evergreen and deciduous shrubs. Because of their large nutrient reserves and the telescopic exsertion of leaf tissue from a protected apical meristem, Carex and Eriophorum were able to respond rapidly to defoliation by replacing the lost tissue. By initiating leaf growth early in the season graminoids were able to exploit an earlier portion of the growing season than were deciduous shrubs. The monocotyledons at Atkasook had the least amount of antiherbivore compounds of all the growth forms (Jung et al., 1979) but compensated for this lack of chemical defense by morphological and physiological mechanisms associated with tolerance to grazing.
